Surface enhanced Raman spectroscopy (SERS)-based nanosensors that offer high spatial and temporal resolution as well as high sensitivity are promising for cell endoscopy studies. This requires fabricating glass nanofibers with a dense but well-dispersed monolayer array of gold nanoparticles (AuNPs), which is a challenge on the highly curved nanofiber surface. We showed previously that this can be achieved with dip-coated block copolymer (BCP) templates, hypothesized to be brushlike. Here, we demonstrate, using small AuNPs and a concentrated THF solution of polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP), that the effect of decreasing fiber diameter (increasing substrate curvature) on the AuNP deposition pattern parallels the effect of decreasing BCP solution concentration using flat surfaces, allowing the definitive conclusion that the BCP template at small fiber diameters is indeed in the form of an adsorbed brushlike layer. Notably, when dip-coating the fiber from concentrated BCP solution followed by incubation in a AuNP suspension, SEM images show dense clusters composed of two to four AuNPs at high fiber diameters (mm range) that transition into dense but mainly isolated AuNPs at low diameters (μm range), where the transition range depends on the BCP solution concentration and dip-coating rate. The nanothin brush-only layer at low fiber diameters down to the sub-micrometer range provides an effective template for optimal AuNP deposition that is both simple and robust against changing experimental conditions, such as BCP solution concentration and dip-coating rate, while allowing tunability of the AuNP density and gap sizes through the AuNP diameter (10−100 nm studied) and, more mildly, BCP molecular weight characteristics. These features are ideal for nanosensor applications.
■ INTRODUCTION
In cell endoscopy, small sub-micrometer probes such as glass pipettes, glass fibers, carbon nanopipettes, carbon nanotubes, nanowires, and atomic force microscopic tips are inserted into a cell noninvasively to perform various tasks such as intracellular sensing, delivery, plasmon phototherapy, electrochemistry, and electrophysiology at different locations of the cell with high spatial resolution. 1−7 A particular cell endoscopy probe utilizes surface enhanced Raman spectroscopy (SERS), owing to its superb sensitivity for detection of biochemicals in and around cells. 8−12 As proof of concept, Vitol et al. demonstrated that the positioning of the 150 nm tip of a SERS-active glass pipette in the nucleus or in the cytoplasm of a HeLa cell yields clearly distinguishable spectra associated with both DNA and protein in the nucleus and the absence of DNA in the cytoplasm. 9 Using a similar SERS nanopipette extracellularly, Lussier et al. showed that the metabolic process of a living Madin−Darby canine kidney epithelial cell can be monitored in situ through the SERS detection of several metabolites. 12 It is noteworthy that, unlike fluorescence-based sensing, SERS-based sensing is a label-free technique ("labelfree" referring to the detection of an unmodified analyte) for multiplexed molecular studies, allowing investigations of cells in their true native environments.
The fabrication of the above-mentioned SERS endoscopic probes involves coating nanopipettes with gold nanoparticles (AuNPs). AuNPs do not readily deposit on the glass surface of nanopipettes; hence, an adhesion layer is required. For this purpose, self-assembled monolayers of (3-aminopropyl)triethoxysilane 12 and poly(L-lysine) films 9 have been utilized. Although they both lead to a sufficiently dense coating of AuNPs for SERS, the surface pattern is not uniform and often coupled with severe surface nanoparticle aggregation (see Figure 1 in ref 12 and Figure 3 in ref 9). Similar SERS nanoprobes have been constructed by decorating the surface of pulled nanofibers with a film of silver islands using sputtering 8 and by a method that utilizes corona discharge to synthesize nanoparticles locally on the fiber tips, 13 but they are uncontrolled processes and lead to irregular nanoparticle coatings. In SERS, such irregularities of the substrate are considered to be the major reason for poor data reproducibility and sensor stability.
As an alternative coating, block copolymer (BCP) thin films are well suited for obtaining the ordered deposition of nanoparticles. 14−18 Generally, self-assembled BCP nanostructures give rise to surface patterns that can be used as a template to guide the deposition of block-selective nanoparticles or their precursors in particular patterns (Figure 1, left) . However, while the BCP templating approach has been well established on flat surfaces, it remains a challenge on highly curved surfaces. This can be related to the fact that, in fluid coatings of these types of substrates, such as small fibers and wires, the substrate curvature significantly depresses the film thickness. 19 Spatz and co-workers have coated fibers with BCP micelles by dip-coating and achieved uniform patterns down to diameters as small as 25 μm. However, reaching and going still lower than such diameters come at the cost of increasingly high, and eventually impracticable, withdrawal speeds of the fiber from the BCP solution, 20 whereas for useful endoscopic probes it is necessary to reach nanometer diameters.
We have recently demonstrated that it is actually possible to obtain a dense and well-dispersed deposition of citratestabilized AuNPs on glass nanofibers that have simply been dipped in a THF solution of a polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP) diblock copolymer prior to incubation in an AuNP aqueous colloid. 21 In accordance with the high curvature of the nanofibers, there was no evidence of a BCP film characterized by microphase-separated surface patterns, as typically observed on flat surfaces for the solution concentrations employed. Instead, there was only a featureless, nanothin BCP coating, which nevertheless proved to be an excellent template for dense, unaggregated AuNP deposition (Figure 1, right) . Referring to previous literature on BCPs adsorbed to solid surfaces (e.g., refs 22−26) , this coating was tentatively concluded to be brushlike, where the P4VP block forms a highly stable wetting or anchoring sublayer on the substrate as a result of multiple noncovalent bonds with the OH groups on the glass surface and the PS block forms a brushy overlayer. Despite the presence of the PS overlayer, the negatively charged (citrate-stabilized) AuNPs were able to interact electrostatically during incubation in the (acidic) AuNP colloid, with the (protonated) P4VP segments. 21, 27 In practical use of these nanoprobes, it was found that the BCP brush template led to a 1-order-of-magnitude improvement in the SERS performance for 4-mercaptobenzoic acid compared to the same AuNP-decorated nanofibers without the template, and as a nanosensor it could detect simultaneously the corelease of the neurotransmitters, dopamine and glutamate, from living mouse brain dopaminergic neurons with a 1-order-of-magnitude greater sensitivity compared to APTES-coated nanofibers, on which the AuNPs are much more aggregated. 21 We also demonstrated that optical fibers made with AuNPs deposited on brush-layer templates show enhanced performance as localized surface plasmon resonance (LSPR) biosensors, with 3-fold better sensitivity compared to standard AuNP deposition methods using (3-aminopropyl)trimethoxysilane (APTMS) and polyelectrolytes. 28 For greater insight into AuNP deposition on BCP brushlike films, we turned to flat silicon substrates, where brushlike films can be obtained by dip-coating with very dilute BCP solutions and where direct studies of how AuNP deposition and BCP thickness depend on various parameters are much easier to do than on curved substrates. 29 We again observed dense, mainly unaggregated AuNP monolayer arrays, and this for a range of AuNP diameters extending from 10 to almost 100 nm. Moreover, these characteristics were found to be insensitive to the degree of PS coverage of the P4VP wetting sublayer, which is controlled by the time length of substrate exposure to the BCP solution. 29 This insensitivity was attributed to local BCP molecular rearrangements during incubation in the aqueous AuNP colloid, particularly at the level of the (nanothin) PS sublayer, to the extent necessary to allow the electrostatic interactions between the AuNPs and P4VP to take place. The lack of AuNP aggregation was attributed to the presence of PS located laterally around each AuNP, thus inhibiting their contact. BCP brush-layer templates thus provide a simple method for obtaining dense, non-close-packed NP arrays, which are useful for a variety of potential applications, as indicated in ref 30. In the present contribution, motivated by the excellent performance of the BCP dip-coated SERS nanosensors mentioned above, we investigate physicochemical aspects related to the formation of brush-layer films on highly curved surfaces. Our first aim is to demonstrate the substrate curvature effect on the BCP film thickness and surface morphology, leading ultimately to brush-layer-only coatings, as revealed by the deposition pattern of small AuNPs over a wide range of diameters on pulled glass fibers dip-coated in THF solutions of PS-b-P4VP. By comparison of the trends as a function of Figure 1 . Two types of dip-coated BCP thin film templates, obtained under identical dip-coating conditions, for the deposition of AuNPs on cylindrical surfaces, where the red and blue colors indicate domains of two incompatible blocks. Left, thicker BCP film with microphase-separated domains on low-curvature surfaces (cylinders of larger diameter, D), leading to guided deposition of AuNPs, shown here in the form of small clusters for AuNP sizes that are much smaller than the block domain (red) on which the AuNPs selectively deposit. Right, nanothin BCP brushlike film formed by adsorption on high-curvature surfaces (cylinders of small D), leading to monolayer arrays of well-dispersed AuNPs. substrate curvature with those previously observed on flat substrates as a function of the dip-coating BCP solution concentration, 29 it will be possible to clearly establish under what dip-coating conditions and why a BCP brush-layer film only is obtained. Our second aim is to study the influence of BCP solution concentration, AuNP size, and BCP block molecular weights on AuNP deposition on the BCP brush layer, including in the nanofiber tip region, which is the useful region for nanosensor applications. The findings are important for understanding, controlling, and optimizing the superior functioning of SERS nanoprobes based on BCP templates. Furthermore, they will be valuable for general bottom-up nanofabrication where it is desirable to coat small cylindrical objects, such as glass or carbon nanopipettes, optical fibers, electrospun fibers, free-standing nanowires, and AFM tips, with dense but unaggregated nanoparticles, including nanoparticles other than AuNPs.
diblock copolymers of various block molecular weights (Table 1) , a PSr-P4VP random copolymer (M n = 93.9 kg/mol, M w = 140.8 kg/mol, M w /M n = 1.5, P4VP content = 35 mol %), and a P4VP homopolymer (M n = 15 kg/mol, M w = 19 kg/mol, M w /M n = 1.25) were purchased from Polymer Source (Dorval, QC). The block copolymers are denoted as PS x -b-P4VP y or x−y, where the subscripts x and y indicate the number-average molecular weights in kg/mol of the PS and P4VP blocks, respectively. The majority of the experiments used the 41-20 BCP. Tetrahydrofuran (THF, 99.99%), methanol (MeOH, 99.99%), and chloroform (99.99%) were purchased from VWR. Gold(III) chloride trihydrate (HAuCl 4 ·3H 2 O, 99.9%) and trisodium citrate dihydrate (99%) were purchased from Sigma-Aldrich. All were used as received. Borosilicate glass rods of 1.1 mm in diameter and 10 cm in length were obtained from Sutter Instrument.
Glass Fibers. The glass rods were pulled into nanofibers using a laser-based Sutter P-2000 pipette puller (Sutter Instrument) with the following two-line program, where the parameters given are instrument specific: LINE 1) Heat: 280, Filament: 3, Velocity: 15, Delay: 145, Pull: 20; LINE 2) Heat: 500, Filament: 0, Velocity: 15, Delay: 128, Pull: 200. They were cleaned with ethanol for 5 min, dried in air, and then immersed in a piranha solution (this solution is highly corrosive and should be handled with caution) at 90°C for 60 min, rinsed well with Milli-Q water, and finally dried under a vacuum at room temperature for an hour.
Polymer Solutions. BCP solutions of 5 and 20 mg/mL were prepared by dissolving 50 and 200 mg of PS x -b-P4VP y , respectively, in 10 mL of THF in scintillation vials. The solutions were capped and sealed with parafilm and stirred at 30−40°C overnight. They were then filtered successively through 0.45 and 0.2 μm PTFE filters (Chromspec). A BCP solution of 0.05 mg/mL was prepared by dilution from the 5 mg/mL solution. A P4VP homopolymer solution and a PS-r-P4VP random copolymer solution were prepared at 0.05 mg/mL concentration in THF/MeOH (1:1, v:v) and THF, respectively, noting that P4VP of the molecular weight used is not soluble in pure THF.
Dip-Coating Procedure. Dip-coating took place under ambient conditions (∼21°C), using the dip-coater of a KSV3000 Langmuir− Blodgett instrument. The dip-coater was enclosed in a plexiglass box (15 × 15 cm 2 , 20 cm high) with openings at the top and bottom to accommodate the support. The dip-coating procedure consisted of vertically dipping the pulled fibers into the solutions at an immersion rate of 5 mm/min followed by a pause of 2 min and then withdrawal from the solution at controlled rates between 0.1 and 80 mm/min (40 mm/min when not specified). A pause time of 2 min was chosen in order to be near maximum BCP adsorption and thus brush-layer thickness, according to what was established for flat surfaces. 29 The coated substrates were left to dry in covered containers at room temperature for at least 30 min before AuNP deposition.
AuNP Synthesis and Deposition. Milli-Q water was used in all syntheses. Glassware and magnetic stir bars were cleaned in aqua regia (HCl/HNO 3 3:1, v/v) and rinsed in Milli-Q water prior to use. Aqua regia is highly corrosive and should be handled with caution. Several batches of citrate-stabilized gold nanoparticles (AuNPs) of 10−12 nm in diameter (referred to hereafter as 12 nm) were synthesized using the Turkevich−Frens method. 31, 32 The same method with a doubled gold(III) chloride trihydrate to trisodium citrate dihydrate weight ratio produced AuNPs with an average diameter of 20 nm. The pH values of these colloidal suspensions were around 6.0 for the 12 nm AuNP batches and 5.5 for the 20 nm AuNP batch. Citrate-stabilized AuNPs of larger diameters were synthesized from 10 nm seeds following the kinetically controlled seeded growth method of Puntes and co-workers, 33 giving average diameters of 32, 52, 78, and 94 nm at the 3rd, 6th, 8th, and 10th growth steps, respectively. The average diameters of the AuNP batches were determined by the method of Haiss et al. 34 from UV−visible spectra ( Figure S1 ), obtained with an Agilent Technologies Cary 500 UV−vis spectrophotometer. The AuNP suspensions were stored at 4°C, protected from light, and used within a month. Just before use, desired volumes of the larger AuNPs were centrifuged and redispersed in Milli-Q water, and then, the pH of the colloidal suspension, initially above 7, was adjusted to be between 4.5 and 5 (as measured by a pH meter, EcoMet P25, Istek) by dropwise addition of a 1 M hydrochloric acid aqueous solution.
For AuNP deposition, the polymer-coated (and occasionally bare) glass fibers were incubated in the desired AuNP colloidal suspension at room temperature overnight (2 h for the different BCP compositions with the 20 nm AuNPs; no significant differences were observed using the different incubation times, as verified on flat substrates 29 ), followed by their immersion in Milli-Q water several times and drying in air.
Scanning Electron Microscopy (SEM). The AuNP-coated glass fibers were examined using a JEOL JSM-7400F (JEOL Ltd., Tokyo, Japan) field-emission scanning electron microscope operated at 1.5 kV and 20 μA, using the lower secondary electron detector (LEI in the operating software). AuNP densities at fiber diameters in the micrometer range were determined by counting the number of AuNPs in given rectangular areas (generally 0.5 × 0.5 μm 2 for the 12, 20, and 32 nm AuNPs, 0.8 × 0.8 μm 2 for the 20 nm AuNPs in the BCP composition comparison, and 2 × 2 μm 2 for the 52, 78, and 94 nm AuNPs) using ImageJ (http://imagej.nih.gov/ij/features.html). ImageJ counts the aggregates as a single particle, and no manual adjustments were made to compensate for this. For AuNP densities at sub-micrometer fiber diameters, the AuNPs in a given rectangular area avoiding fiber edges (typically 100−400 nm across the fiber and 300− 800 nm along the fiber) were counted manually, with those in aggregates counted individually and those superimposed on the rectangular edges counted as half AuNPs. Given the high curvature at sub-micrometer fiber diameters, it was necessary for accuracy to convert the (nominally flat) rectangular area into a curved surface area by determination of the corresponding arc length (using the online calculator at https://planetcalc.com/1421/ and the fiber radius value The PDIs of the PS block, the first block synthesized in the sequential anionic polymerization procedure, are reported by the supplier to be between 1.04 and 1.10.
at the center of the rectangle relative to the fiber axis). Interparticle spacings (gap distances) were determined by subtracting the AuNP diameters (determined from UV−vis spectra) from center-to-center distances, where the latter were derived from the AuNP densities with the help of the Engineer's Toolbox (https://www.engineeringtoolbox. com/circles-within-rectangle-d_1905.html) assuming 2D triangular packing (method 1) or determined at six different angles around the 2D fast Fourier transforms (FFTs) of SEM images (0.8 × 0.8 and 2 × 2 μm 2 for the three smallest and three largest AuNPs, respectively), which also yields an error bar, using the Gwyddion software (http:// gwyddion.net/download.php) (method 2). The degrees of AuNP coverage (SC) were determined from the AuNP densities (D) assuming uniform diameters (d) of perfectly spherical AuNPs using the formula
(method 1′) or from the addition of the AuNP areas determined by ImageJ outlines (method 2′). Atomic Force Microscopy (AFM). AFM images, mainly to determine brush film thicknesses, were obtained at room temperature in air in tapping mode with a Multimode microscope and a Nanoscope III controller (Digital Instruments) using Bruker AFM probes (TESPA-V2 model, spring constant 42 N/m, oscillation frequency 320 kHz, tip radius ≤10 nm). The pulled part of the fibers was immobilized on a flat silicon wafer using double-sided tape and then cut off at the taper from the unpulled part. It was important to ensure good contact between the fiber and the tape but without contaminating the top surface of the fiber with the tape (checked in the 10× optical microscope accessory). The fiber−wafer assembly was then placed on the AFM metal sample plate and mounted in the sample stage, where the fiber was roughly aligned along the scanning direction of the AFM tip using the 10× optical microscope accessory.
The thickness of the BCP brush films on pulled fibers was estimated as follows. A 1 × 1 μm 2 area of the film was rubbed away by continuous scanning for 30 min with a used AFM tip in contact mode at a deflection voltage of 0.6 V and a scan rate of 5 Hz (the film was considered to be completely rubbed away at 30 min, since 10−20 min of rubbing gave similar results; as a control, it was verified that 30 min of rubbing on a bare pulled fiber showed no significant change on the fiber surface). Then, a new AFM tip was used to scan a 5 × 2 μm 2 image around the rubbed part in tapping mode at a scan rate of 0.5 Hz. A typical rubbed spot is an approximately square area with a relatively flat bottom and material protruding above the surrounding film at the edges of the rubbed area to where it was moved by the rubbing procedure. Approximately half of the experiments gave poor results that were rejected, generally because too much of the agglomerated rubbed material remained inside the rubbed area to allow reliable measurements. The film thickness was estimated from height profiles along lines drawn across the rubbed out area and extending on either side to the untouched parts of the film; these lines were usually drawn parallel to the AFM scan lines and sometimes parallel to the fiber axis (the former often being at a small angle to the latter due to the difficulty of achieving perfect alignment).
■ RESULTS AND DISCUSSION

Effect of Curvature on BCP Coatings of Pulled Fibers as Deduced from Deposition Patterns of Small AuNPs.
The effect of substrate curvature on BCP coatings obtained by the dip-coating procedure can be conveniently observed using pulled glass fibers as substrates. The pulling process leads to a varying cylindrical substrate diameter ranging from millimeters to sub-micrometers while maintaining a relatively uniform and smooth glass surface with a root-mean-square roughness of about 0.9 nm ( Figure S2 , slightly larger than the 0.6 nm measured for a polished flat silicon wafer 29 ). Thus, dip-coating a single pulled glass fiber provides a BCP coating associated with a wide range of substrate curvatures where curvature is the only variable. Figure 2 illustrates what is observed by SEM after the deposition of 12 nm AuNPs on a BCP-coated pulled fiber at four different fiber diameters, where the BCP coating was prepared using a 20 mg/mL BCP solution concentration and a withdrawal rate of 0.5 mm/min. The diameter of 1.1 mm corresponds to an unpulled region of the fiber where the curvature is the lowest, the one at 50 μm is located in the neck region that developed during pulling, and the two at 20 and 7 μm are located in the well pulled region where the curvature is very high. For the BCP coating, the fiber was withdrawn from a 20 mg/mL THF solution of PS 41 -b-P4VP 20 at a rate of 0.5 mm/min (corresponding results for fiber withdrawal rates of 10 and 80 mm/min are shown in Figures S3 and S4 , respectively). The negatively charged AuNPs interact selectively via electrostatic interactions with the P4VP, which becomes positively charged due to (partial) protonation when exposed to the acidic AuNP colloid. 29, 31, 35, 36 In contrast, AuNP deposition on uncoated pulled fibers is much sparser at the various diameters, as illustrated in Figure S5 . As will become clear in what follows, the use of small AuNPs facilitates the assessment of the underlying form of the BCP coating at the different fiber diameters.
Starting with the largest fiber diameter (1.1 mm, Figure 2a and Figures S3a and S4a), the SEM images show small AuNP clusters arranged in a quasi-hexagonal pattern. This pattern resembles what was observed on similarly treated flat surfaces using 5 mg/mL dip-coating solutions of the same BCP, 29 where the BCP film itself forms a quasi-hexagonal surface pattern of P4VP dots within a PS matrix, reflecting a spherical film morphology. 14, 29, 37 Several AuNPs deposit on each P4VP dot when the size of the latter is much larger than the size of the former. 38 The dot surface morphology of the BCP (without AuNP deposition) on this part of the fiber was confirmed by AFM ( Figure S6 ), from which the average micellar dot diameter was measured to be around 30 nm, thus much larger than the 12 nm AuNPs. These dimensions agree with our observation of a few (generally two to four) AuNPs per cluster.
The AuNP pattern changes in the neck region of the pulled fiber, as illustrated in Figure 2b and Figures S3b and S4b. Here, a mixed region appears for fiber diameters between approximately 100 and 40 μm ( Figure S7 ) for the dip-coating conditions used in Figure 2 , where there are areas of AuNP clusters, like at the 1.1 mm diameter, and areas of isolated AuNPs. Similar mixed regions of 12 nm AuNP deposition were observed on flat surfaces when decreasing the concentration of the BCP dip-coating solution. 29 We noted that the density of the isolated AuNPs tends to be very low in the vicinity of AuNP cluster zones, forming what can be considered as AuNPdepleted zones, and becomes greater further away, so that relatively narrow areas flanked by AuNP cluster areas tend to be essentially depleted of AuNPs (see Figure S7 ). As the fiber diameter decreases, the AuNP cluster zones tend to form interconnected or isolated structures such as (deformed) circles, lines, and drops, reminiscent of dewetted structures, with an increasing tendency toward small droplets (sometimes transforming into AuNP-depleted droplets surrounded by dense isolated AuNPssee Figure S7 ). At diameters below about 40 μm, there is no further evidence of AuNP cluster areas. Instead, the AuNPs cover the surface in the form of a dense but well-dispersed (non-close-packed) array of generally unaggregated AuNPs (Figure 2c when decreasing the BCP concentration of the dip-coating solution. 29 The parallel evolution from uniformly covered AuNP clusters to dewetted regions of AuNP clusters coexisting with areas of isolated AuNPs and then to dense, mostly isolated AuNP arrays as a function of decreasing fiber diameter in the present study and as a function of decreasing BCP solution concentration on flat substrates, 29 both of which result in a decreasing average thickness of the BCP film on the substrate, 19, 29, 39, 40 allows a parallel rationalization of the evolution of the AuNP deposition pattern. Importantly, with flat substrates, the BCP film surface morphologies and thicknesses prior to AuNP deposition could be conveniently measured by AFM and ellipsometry, respectively, to complement the SEM images after AuNP deposition, so that clear correlations could be made between the film thickness, surface morphology, and AuNP deposition pattern. 29 In particular, we showed that full quasi-hexagonal micellar BCP films and therefore monolayer arrays of AuNP clusters are obtained for dip-coated BCP films having average thicknesses above about 15 nm, whereas featureless coatings, onto which dense arrays of mainly isolated AuNPs are deposited, are obtained for film thicknesses below about 4 nm. For film thicknesses between 4 and about 15 nm, there is a morphology transition region where dewetted areas of BCP micelles exist alongside featureless areas, thereby leading to AuNP cluster areas alongside areas of isolated AuNPs.
Thus, for our fibers, we can assume that at a fiber diameter of 1.1 mm the BCP film is sufficiently thick to allow the formation of a full micellar BCP pattern onto which AuNP clusters deposit, whereas, below the intermediate dewetted region (i.e., below about 40 μm in Figure 2 ), no BCP micelle formation occurs. Instead, as explained in our prior papers, 21, 29 there is only a nanothin brush-like BCP layer, composed of a P4VP wetting underlayer (anchor block) in contact with the substrate via multiple hydrogen-bonding 25 or proton-transfer 41 interactions with the OH groups on the glass surface, which renders the adsorption irreversible with respect to the solvent, 25, 41, 42 and a PS overlayer (buoy block) that reduces the interfacial energy with air. 40,43−45 In the dip-coating process using a good solvent for the buoy block, such a layer has been shown to adsorb onto the substrate during the period that it is immersed in the BCP solution, whereas additional material leading to patterned or partly patterned films is deposited on this layer while the substrate is being withdrawn from the solution. 29, 40, 41, 43, 44, 46 Between the full micellar region and the brush-only region, the average film thickness is insufficient for forming a full layer of micelles but is thicker than a brush-only layer, thus resulting in patches of micelles that have dewetted on top of the brush layer, 29,37,43,46 thereby ACS Applied Nano Materials www.acsanm.org Article giving rise to coexisting areas of AuNP clusters and isolated AuNPs, respectively. For the brush-only coating obtained on flat substrates from very low concentration BCP dip-coating solutions (0.1 and 0.05 mg/mL), we had measured ellipsometric film thicknesses of about 3 nm, 29 similar to the 4 nm measured for a PS−P2VP adsorbed layer on a flat surface reported in the literature. 40 We had also measured a film thickness of about 3 nm for the brush layer on a fiber (at a diameter around 10 μm) using an AFM tip in contact mode to rub off the film in a small area and then taking a topographic image of this area in tapping mode (as done in ref 40) , where the film was obtained using a dipcoating BCP solution concentration of 5 mg/mL. 21 In an attempt to determine if the BCP solution concentration can affect the brush-layer thickness, we repeated these measurements with the 20 mg/mL dip-coating solution compared with 5 and 0.05 mg/mL solutions. Some examples of images of rubbed-out areas and topographic line profiles are shown in Figure S8 . The thicknesses, measured from 3 to 5 height profiles per rubbed-out spot at fiber diameters in the 10−30 μm range on different fibers are 9 ± 2 nm (11 rubbed-out spots), 7 ± 1 nm (4 rubbed-out spots), and 5 ± 1 nm (2 rubbed-out spots) for 0.05, 5, and 20 mg/mL solutions, respectively. Given the limited number of fibers analyzed and the difficulty of the technique on the highly curved surfaces, we are not convinced that this apparent trend of decreasing brushlayer thickness with increasing BCP solution concentration is real.
On the other hand, Gast and co-workers found such a dependence for brush-layer BCPs of PS and a short poly(ethylene oxide) block, where the BCP surface concentration (plotted versus solution concentration up to 1.2 mg/ mL) shows a peak of about 20 mg/m 2 near the critical micelle concentration (cmc) at 0.1−0.2 mg/mL, whereafter the values decrease to 3−10 mg/m 2 (with experimental uncertainty too large to establish any clear trend in the values well above the cmc). 23, 42 In our case, the 0.05 mg/mL solution was found to be micellar according to dynamic light scattering, 29 but it may be relatively close to the cmc, suggesting that the apparently greater brush-layer thickness compared to those for the more concentrated solutions might indeed be real. Other literature reported that the surface density is insensitive to solution concentration (0.005−0.1 mg/mL PS−P2VP in toluene) 24 or found a more complex dependence (in terms of surface coverage versus solution concentration) that appeared to depend also on the adsorption time and BCP composition (0.03−10 mg/mL PS−P2VP in toluene). 22 The next section focuses on the dewetted zone of the fiber, whereas AuNP deposition on the brush-layer-coated fibers and possible influences of particular relevant variables are examined in greater detail in the subsequent section.
Effect of Solution Concentration and Dip-Coating Rate on the Dewetted Zone. The above-mentioned dependence of the dip-coated film thickness, when greater than the brush layer thickness, on solution concentration, as observed on flat substrates, implies that this parameter should influence the fiber diameter range of the dewetted zone. In addition, this zone should be affected by the dip-coating withdrawal rate, given the previously established V-shaped dependence of film thickness on this rate for flat substrates, where the V-shape is related to two different dip-coating regimes, termed capillary and draining, for which the film thickness decreases and increases, respectively, with dipcoating rate. 37, 47, 48 The results obtained for fibers dip-coated from THF solutions of BCP concentrations of 5 and 20 mg/mL at withdrawal rates between 0.5 and 80 mm/min onto which 12 nm AuNPs were then deposited are plotted in Figure 3 . The upper fiber diameter limit of dewetting corresponds to diameters where the distribution of small AuNP clusters has begun to become noticeably less uniform or networklike and the lower diameter limit to where the last droplets of AuNP cluster regions have disappeared. Clearly, the curves for the upper and lower limits of the dewetted zone for the 20 mg/mL concentration and the lower limit for the 5 mg/mL concentration have an inverted V-shape, in line with the expected thickness−withdrawal rate relation where a lower thickness results in the dewetted zone moving to larger fiber diameters. It is noteworthy that the minimum thickness of the V-curve (largest fiber diameter of the inverted V-curve) for the lower and upper limits occurs at a dip-coating rate of about 7 mm/min, just like on flat substrates when using THF as the solvent. 37, 47 Furthermore, when the solution concentration is decreased from 20 to 5 mg/mL, the inverted V-shaped curve for the lower limit of dewetting moves to larger fiber diameters, as expected for thinner films. Consistent with this, the upper limit of dewetting for the 5 mg/mL concentration is not observed on the fibers used (the diameter of the unpulled part being constant at 1.1 mm) except for the lowest dip-coating rate, for which it occurs at a diameter of about 650 μm. Thus, for the copolymer and solvent used, it is necessary to use concentrated solutions to have films that are thick enough to yield a full micellar BCP layer on 1.1 mm diameter fibers.
In practice, the precision of the upper and lower limits of dewetting could be affected by the random nature of dewetting, as well as for the lower limit by the possibility of some downward flow of the dewetted regions that may be subject to the Plateau−Rayleigh instability. 49 The latter is a typical phenomenon for small-diameter fluid flow, 49 for which there seems to be some evidence on the present fibers, as illustrated in Figure S9 . In addition, the precision of the upper Figure 3 . Log−log plot of fiber diameter as a function of dip-coating rate, delimiting the upper (righthand ordinate) and lower (lefthand ordinate) range of micellar dewetting (transition range between BCP micellar morphology and brush-layer morphology) for dip-coating from BCP solution concentrations of 20 mg/mL and the lower limit (lefthand ordinate) for 5 mg/mL concentration. Error bars are based on measurements on three fibers (one fiber for the upper diameter region). limit is affected by the fact that it takes place in the neck region of the pulled fiber where the diameters change rapidly and often asymmetrically or nonuniformly. However, the trends in Figure 3 indicate that these effects are sufficiently similar from fiber to fiber to not mask the trends due to the solution concentration and dip-coating rate. The data in Figure 3 for the 20 mg/mL solution, in conjunction with the linear relationship between dip-coated fluid film thickness and fiber diameter established by Queŕeá nd co-workers = h Kr (2) where h is the film thickness, K is a proportionality constant, and r is the fiber radius, 19, 49 can be used to make crude estimates of the BCP film thicknesses expected at various fiber diameters (2r). Taking as starting points the fiber diameter for the upper limit of dewetting, at approximately 250 μm, and the film thickness found for the beginning of dewetting on flat surfaces, at approximately 15 nm, 29 a proportionality constant of 0.12 × 10 −3 is obtained. From this, the predicted film thickness, h, on the unpulled part of the fiber (1.1 mm) is 66 nm. When considering the range of 180−320 μm for the upper limit diameters in Figure 3 (depending on the dip-coating rate), K ranges between 0.17 × 10 −3 and 0.094 × 10 −3 , predicting h = 94 and 52 nm, respectively. These values are consistent with BCP film thicknesses that give rise to micellar BCP morphologies. For the lower dewetting limit range of diameters for the 20 mg/mL solution (20−60 μm), film thicknesses of 1−5 nm are predicted. These thicknesses can be considered negligible, i.e., sufficiently close to 0 to be consistent with the diameter limit where essentially no material is deposited on top of the brush layer during withdrawal of the fiber from solution (or possibly is incorporated somehow within the brush layer).
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AuNP Deposition on BCP Brush-Layer-Coated Fibers. As mentioned in the Introduction, for potential applications such as nanosensors for SERS optophysiology, it is the submicrometer diameters forming the tip of the pulled fiber that is the most relevant. 21 The above results have shown that the dip-coating operation leaves only a nanothin film of an adsorbed BCP brushlike layer at fiber diameters below the dewetted or mixed zone. They have also shown that subsequent incubation of the BCP-coated nanofiber in an aqueous colloidal solution of small AuNPs gives a dense monolayer array of isolated AuNPs on the brushlike layer. As on flat surfaces, the low degree of AuNP aggregation on the BCP brush layer can be attributed to the presence of an effective 2D corona of PS, 29 which prevents the formation of a film of water during drying that could otherwise cause AuNP aggregation via capillary forces. 30 It should be added that the dip-coating conditions, particularly the time of substrate exposure to the BCP solution, which is when BCP adsorption takes place, ensure that PS coverage is close to saturation, as established on flat substrates based on a kinetic study involving measurements of thickness by ellipsometry, surface topography by AFM, and water contact angles. 29 This essentially uniform PS coverage does not inhibit AuNP deposition, due to PS molecular rearrangement to the extent needed for AuNP contact with the P4VP sublayer during incubation in the aqueous AuNP colloidal solution, such that the AuNP pattern and density are essentially identical whether or not maximal BCP adsorption is achieved. 29 In what follows, we will concentrate on AuNP deposition in the brush-only range of fiber diameters in both the micrometer range, where quantitative analyses are easier, and the submicrometer range. In particular, we will examine whether or not the BCP solution concentration, the substrate curvature, the size of the AuNPs, and the block molecular weight characteristics influence AuNP deposition on the brush-layer coating. These parameters are of potential use for fine-tuning the AuNP-decorated nanofiber in practical applications.
Substrate Curvature and BCP Solution Concentration. Figure 4a shows the number density of the 12 nm AuNPs deposited on brush-layer-coated fibers as a function of fiber diameter in the 5−40 μm range for the three concentrations mentioned above. The AuNP density is clearly insensitive to the fiber diameter in this range, lying at about 1100 AuNPs/ μm 2 . The data include a few different BCP dip-coating rates, which are also observed to not influence the AuNP density. This is expected, since the brush layer is adsorbed in solution, i.e., during the time that the fiber is in the solution and before its withdrawal from the solution, and thus cannot be affected by the rate of fiber withdrawal from the solution. There might be a weak dependence on the BCP solution concentration, given that the densities for the 20 mg/mL solution seem to be ACS Applied Nano Materials www.acsanm.org Article systematically a little lower (around 1050 AuNPs/μm 2 ) than those for the 5 mg/mL solution (around 1150 AuNPs/μm 2 ); however, the densities for the 0.05 mg/mL solution appear intermediate, making it difficult to conclude that there is a concentration dependence. The interparticle spacing (average gap size between the nonclose-packed AuNPs) and the total surface coverage by the AuNPs were estimated for the data obtained from the 0.05 mg/mL brush-layer films, using the methods described in the Experimental Section. Given the 12 nm diameter of the AuNPs and assuming hexagonal order, the AuNP density translates into an interparticle spacing of about 25 nm (method 1, Figure  S10b ), similar to the 20 nm estimated using the 2D FFT of the AuNP pattern in the SEM images (method 2, Figure S10b ). The surface coverage was determined to be about 12% based on the AuNP density (method 1′, Figure S10c ) but about 18% based on ImageJ analysis (method 2′, Figure S10c ). The important point is that these values are invariant within experimental uncertainty as a function of fiber diameter in the range shown.
The SEM micrographs accompanying Figure 4b show that AuNP deposition in the sub-micrometer region of the nanofiber is very similar to that in the micrometer region, with the exception that the AuNP density now appears to be affected (graph of Figure 4b ). Although the uncertainties are large and the available data limited, there seems to be a mild trend toward lower AuNP density both with an increase in solution concentration and with a decrease in fiber diameter in the sub-micrometer region. Possible reasons for the fiber diameter trend are mentioned in the next section.
As a final remark in this sub-section, the strong effect of curvature on the dip-coated BCP film thickness (until the brush-only zone is reached) allows brush-only films to be prepared even under high polymer solution concentrations. This contrasts with flat substrates where extremely low concentrations must be used to avoid additional BCP deposition during substrate withdrawal from the solution. However, since the solution concentration has little or no influence on the AuNP deposition on the brush-coated nanofibers (in the micrometer range) or even allows possibly denser AuNP deposition for more dilute solution concentrations (in the tip region), the lower concentrations of 0.05 and 5 mg/mL, which also lead to less BCP consumption, were chosen for the experiments described hereafter.
Effect of AuNP Size. The deposition of AuNPs of various diameters between about 10 and 100 nm on the PS 41 -b-P4VP 20 brush-coated fibers, dip-coated from a 0.05 mg/mL BCP solution, is shown in Figure 5 at a fiber diameter of about 7 μm, in Figures S11−S16 at several larger fiber diameters up to about 25 μm, and in Figure 6 at sub-micrometer diameters. In ACS Applied Nano Materials www.acsanm.org Article the micrometer range of fiber diameters ( Figure 5 ), all AuNP sizes give the same characteristic pattern of monolayer arrays of dense and well-dispersed (non-close-packed) AuNPs with good monodispersity (indicated by the relatively narrow size distribution curves in Figures S11−S16, where the quasiabsence of tails, or in some cases low-intensity tails, indicates at most a low degree of aggregation).
The results are similar in the sub-micrometer diameter range of the tip region for the different AuNP diameters ( Figure 6 ). Only the 94 nm AuNPs give poorer results, tending to show incomplete and more irregular coverage, including some aggregation, as shown in Figure S17 for 10 replicates indicative of a roughly 20% success rate (compared to over 75% for 52 nm AuNPs; 21 not determined for the other AuNP sizes). This could be due in part to the greater size dispersity and asymmetry of these AuNPs but may also indicate the upper size limit for reproducible AuNP deposition on the BCP brush layers at these fiber diameters, at least for the BCP composition used.
Like for the 12 nm AuNPs, the AuNP densities (as well as interparticle spacing or gap size and the degree of coverage where calculated) for the other AuNP sizes investigated are essentially constant in the 7−25 μm diameter range but tend to be a little lower in the sub-micrometer region (Figures S18− S22). A possible explanation for the latter tendency is that the radius of curvature of the fiber is becoming closer to the AuNP radius, thereby causing less efficient packing. Another possibility is that the underlying BCP brush layer is being affected, such as in its anchoring density and PS sublayer thickness (see the next section for how a change in this thickness might influence AuNP deposition), knowing that theoretical and some experimental studies of adsorbed BCPs have shown that these characteristics can be influenced by high curvature, although much more strongly for curvature in two dimensions (spherical surfaces) than in one dimension (cylindrical surfaces). 50−53 Importantly, as a function of AuNP diameter, the AuNP density decreases signficantly (and nonlinearly) from approximately 1100 to 25 AuNPs/μm 2 (Figure 5a ) and the interparticle spacing increases from approximately 20 to 115 nm (Figure 5b , showing similar values for both methods of determination). The surface coverage (Figure 5c ), for which the two methods of determination are somewhat more disparate (attributed mainly to poorer SEM resolution for the smallest AuNPs), appears to be roughly constant with AuNP diameter. The dotted line in Figure 5a , determined using the reverse of method 1′, gives a good fit to the data for a constant coverage of about 18%. These trends and values are similar to what was found for AuNP deposition on the BCP brush coatings on flat surfaces, 29 as well as on higher diameter (500 μm) optical fiber surfaces. 28 AuNP size is thus a well controllable handle by which the SERS response can be optimized for particular nanosensor applications.
For comparison, AuNP deposition on fibers coated with a PS-r-P4VP random copolymer (with similar P4VP content as the BCP) or a P4VP homopolymer (with similar P4VP molecular weight as in the BCP) was also investigated for three AuNP diameters between 32 and 78 nm. As shown in Figure 7 at a fiber diameter of about 7 μm (and in Figures S13−S15 for various fiber diameters), these polymer coatings result in significantly greater aggregation as well as irregular coverage, which appears to worsen with an increase in AuNP size, especially for the P4VP homopolymer for which clear gaps in coverage as well as short chain-like aggregates are apparent with the 78 nm AuNPs. The greater aggregation is indicated by the generally broader size histograms with longer and more intense tails (Figures S13−S15). AuNP aggregation and irregularity on P4VP homopolymer coatings were observed also for 12 nm AuNPs on flat surfaces. 29 Figure 6 shows that Figure 6 . SEM images (scale bar at left valid for all images) of nanofiber tips after the deposition of AuNPs of the diameters indicated using a PS 41b-P4VP 20 brush-layer template, a P4VP homopolymer template, and a PS-r-P4VP random copolymer template, where the templates were obtained by dip-coating from 0.05 mg/mL solutions (THF for the copolymers, THF/EtOH for P4VP), as well as an uncoated nanofiber exposed to 32 nm AuNPs.
ACS Applied Nano Materials www.acsanm.org Article the effects are similar or even worse in the nanofiber tip region, whereas few or no AuNPs adsorb to the bare fiber ( Figure 6 ), again as on flat surfaces. 29 In general, as indicated by the numbers superposed on the images in Figure 7 , the AuNP density on the homopolymer-coated fibers is similar within experimental uncertainty to that on the BCP-coated fibers, whereas it tends to be lower on the random copolymer-coated fibers. In other words, BCP-coated fibers are advantageous (a) relative to random copolymer-coated fibers because of greater AuNP density and somewhat less AuNP aggregation and (b) relative to the P4VP homopolymer because of much reduced AuNP aggregation and more uniform AuNP deposition. Denser AuNP arrays are expected to lead to greater sensitivity, whereas uniformity without aggregation is a significant advantage for enhanced reproducibility in applications. Effect of Block Molecular Weights. The absolute and relative block molecular weights are known to influence the adsorption of block copolymers at liquid−solid interfaces, recalling that this adsorption typically gives rise to nanothin brush or brushlike coatings when using a good solvent for the buoy block. 22−24,54−56 For example, Parsonage et al., who studied the adsorption of PS−P2VP from toluene solution onto oxidized silicon and mica (flat) substrates, found a modest variation in BCP surface coverage with BCP molecular weight, where, for BCPs of moderate block asymmetry, the surface density of the adsorbed polymer is determined mainly by the molecular weight of the anchor block, in agreement with the theory of Marques et al., 54 whereas for high block asymmetry with very large PS the surface density (chains per unit area) is determined mainly by the PS block. 24 In another example, Tannenbaum and co-workers, who investigated PS-b-PMMA (poly(methyl methacrylate)) adsorption on spherical Al 2 O 3 NPs (curvature in two dimensions, diameters 5−400 nm) where PMMA is the anchoring block, 53 found for a solvent that is good for PS and poor (a theta solvent) for PMMA that the anchoring density (number of anchoring points per unit area of NP surface) varies linearly with PMMA block length but shows no dependence on PMMA weight percent, PS block molecular weight, or total BCP molecular weight.
This raises the question as to whether AuNP deposition is affected by the block sizes via, presumably, the dependence of BCP brush template characteristics on this aspect. To investigate this, SEM images of AuNP deposition on pulled fibers coated by the six BCPs listed in Table 1 were examined. These block copolymers cover total molecular weights ranging from about 50 to 300 kg/mol and P4VP weight fractions ranging from 14 to 60%. For all but one, P4VP is the minor block. The fibers were dip-coated from 5 mg/mL BCP solutions at withdrawal rates of 1 and 80 mm/min and subsequently incubated in a 20 nm AuNP suspension.
In general, all six AuNP-decorated BCP coatings show dense deposition of well-dispersed AuNPs at the fiber diameters where there is only the brush layer, as shown in Figure 8 for representative examples in both the sub-micrometer and micrometer ranges of fiber diameters (with more extensive data shown in Figures S23−S29) . Again, no significant difference in AuNP density was noted between the two dipcoating rates tested (1 and 80 mm/min) nor at the different fiber diameters in the micrometer range, but with a tendency toward a mild decrease in the sub-micrometer range (see the graphs in Figures S23−S28) . For the fiber diameters between 6 and 26 μm, the average densities for the six BCPs range from 500 to 670 AuNPs/μm 2 , giving an overall average of 580 AuNPs/μm 2 .
To ascertain if there is a dependence on molecular-weightrelated parameters, the average AuNP densities were plotted against the total BCP molecular weight, molecular weight of each block, and P4VP weight percent. Of these, the AuNP density was found to generally increase with increasing P4VP weight percent (Figure 8a) , whereas no general monotonic relationship with total molecular weight or with PS or P4VP ACS Applied Nano Materials www.acsanm.org Article block molecular weight was apparent ( Figure S30a−c) . On the other hand, for a given approximate P4VP block molecular weight, the AuNP density tends to decrease with an increase in PS block molecular weight, as indicated by the lower dotted line in Figure 8b for a P4VP molecular weight of 18k to 20k and less clearly by the upper dotted line in Figure 8b , for which the P4VP molecular weight range is greater (29k to 43k). It should be noted that, in comparison with the BCPs of Parsonage et al., 24 all of our BCPs except the two highest molecular weights have moderate asymmetry (see Figure  S30e ), for which the BCP surface density is dominated by the P4VP block. The above trends may be rationalized by the effect of the molecular weight parameters on the thickness of the PS overlayer (collapsed in its dried state in our case), assuming that the thinner this layer the easier is the access to the P4VP anchoring layer during incubation in the aqueous AuNP colloidal solution, such that P4VP protonation, PS molecular rearrangement, and electrostatic interactions between P4VP and the AuNPs can occur. 27, 29, 45 Thus, the trend in Figure 8a can be explained as follows. Assuming that the P4VP block adsorbs to the surface with approximately the same anchoring density and maintains the same (essentially flat or 2D) conformation, then the higher the P4VP content the more the PS sublayer is spread laterally over the P4VP sublayer (at very high P4VP content, the PS sublayer may no longer form a continuous overlayer; however, judging from the data of Parsonage et al. 24 and given our experimental conditions ensuring BCP adsorption that is close to saturation, 29 the surface density for each of the BCPs in Table 1 is expected to be above the minimum required for the PS buoys to overlap). Greater lateral spreading of the PS chains implies that the PS overlayer must decrease in thickness with increasing P4VP content, which is also in agreement with ref 22. Similarly, to explain the trends in Figure 8b , it is reasonable to suppose that the thickness of the PS layer increases with PS block molecular weight for a given P4VP block molecular weightin agreement with ref 22 and as deduced experimentally from X-ray photoemission data by Parsonage et al. 24 with a resulting decrease in accessibility of the AuNPs to the P4VP layer. This is supported also by casting the AuNP density data as a function of a parameter β (=N PS 6/5 /N P4VP 2/3 , where N refers to the block degrees of polymerization and which expresses the BCP asymmetry ratio), following the analysis in ref 24 and the theory in ref 54 for BCP brushes in a selective solvent for the buoy block, but where it is the BCP surface density (which can be related to PS thickness) that is plotted as a function of β in log−log form. The log−log plot of AuNP density versus β, shown in Figure S30e , indicates a roughly linear relationship with a negative slope (−0.1) when the data point for the most asymmetric block is ignored in a least-squares fit. This correlates inversely very well with the positive linear slope determined in ref 24 (0.8) for surface density versus β for moderately asymmetric BCPs. It also suggests that there may be a linear inverse relationship between AuNP density and PS sublayer thickness. Figure S30 ) from 5 mg/mL BCP solutions in THF and where the error bars represent standard deviations of measurements at fiber diameters between 5 and 25 μm (see Figures S23−S28) . The dashed lines represent (a) a leastsquares fit of all of the data points and (b) a least-squares fits of two sets of data points having similar P4VP molecular weights (18k to 20k for the red points and 29k to 43k for the blue points, respectively).
ACS Applied Nano Materials www.acsanm.org Article As a final remark, while certain trends in AuNP density for a given AuNP size are noticeable in our results, they are not strong trends within the ranges of the parameters investigated. From a practical perspective, this relative insensitivity of AuNP deposition to various details of the adsorbed brush layer, particularly as influenced by the BCP molecular weight characteristics, as well as the BCP solution concentration and substrate curvature in the sub-micrometer range, simplifies the fabrication of the brush template on small-diameter fibers for potential applications. On the other hand, the AuNP density is sensitive to the AuNP diameter while maintaining maximal coverage and minimal aggregation, features which are essential for applications.
■ CONCLUSIONS
Nanothin BCP films are suitable templates for the deposition of dense but well-dispersed AuNPs on nanofibers, thus constituting an efficient bottom-up approach for constructing, for example, SERS endoscopic nanoprobes. We showed, using THF solutions of PS-b-P4VP, that the substrate curvature strongly affects the film thickness of the dip-coated BCP films on fibers. At low curvature, BCP films with dot patterns of P4VP micelles in a PS matrix were obtained from concentrated BCP solutions, leading to small clusters of AuNPs deposited on the P4VP dots after immersion of the BCP-coated fiber into a colloidal suspension of small citrate-stabilized AuNPs. At high curvature, only nanothin BCP brush layer films were adsorbed onto the glass substrate during immersion of the fiber in the BCP solution, where the P4VP is the wetting underlayer and PS a brushlike overlayer. When exposed to the AuNP suspension, dense and well-dispersed AuNPs deposit on the brush layer via their contact with the P4VP sublayer, where AuNP aggregation is minimized by the presence of the PS chains. The transition from the full micellar BCP template to the BCP brush layer template, where dewetting of the former relative to the latter occurs, takes place over a range of fiber diameters that depends on the BCP solution concentration and dip-coating rate. On the other hand, AuNP deposition on the brush coating is relatively insensitive to fiber diameter, BCP solution concentration, and dip-coating rate. Dense and uniform deposition of well-dispersed AuNPs onto the brush coating is achieved for various AuNP sizes (investigated for 10−100 nm in diameter), leading to well-controlled AuNP interparticle spacing with approximately constant coverage. In contrast, on P4VP homopolymer and random PS−P4VP copolymer film coatings, AuNP deposition suffers from greater aggregation (local density variations) and/or lower overall density, particularly for larger AuNP sizes. The AuNP density on the BCP brush layer tends to increase moderately with increasing P4VP content in the brush layer as well as, for a given P4VP block molecular weight, with decreasing PS block molecular weight, which are attributed to a decrease in the PS sublayer thickness that allows greater access of the AuNPs to the P4VP underlayer during exposure to the AuNP suspension. Thus, the formation mechanism of the brush layer by adsorption provides a nanothin template for optimal AuNP deposition that is both simple and robust against changing experimental conditions, such as polymer concentration and dip-coating rate, while allowing tunability of the AuNP density and gap sizes through the AuNP diameter and, to some extent, the molecular weight characteristics of the BCP used. These features are ideal for nanosensor applications.
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